Pigpen is a 67-kDa Sepharose-binding molecule isolated from mammalian endothelial and retinal pigmented epithelial cells. The protein is distributed nonhomogeneously in the nucleus, exhibiting diffuse staining throughout (excluding nucleoli), together with a small number of intensely stained focal points, or granules, and punctate staining along the nuclear envelope. Pigpen was absent or greatly attenuated in the nonepithelial cell types we examined, including fibroblasts, myeloma, and astroglia. 
INTRODUCTION
riod, migrating cells join with one another into clusters, and these clusters develop into branching and anastomosing Angiogenesis is a multistep process that can be thought cords. Luminae eventually develop within the cords and of as occuring in three phases: activation, morphogenesis, a patent, functioning capillary bed forms. In the terminal and ''terminal'' differentiation. In the adult organism, the differentiation phase, EC revert to their normal, quiescent endothelial cell (EC) 1 population is a relatively static one. existence. It should be noted that the term ''terminal differExcept under certain circumstances, EC are nonproliferaentiation'' is used loosely here, because the constitutive tive, nonmigratory, and tightly regulated to remain that way endothelial phenotype is relatively unstable; cells are (Klagsbrun, 1987) . Triggered by a change in the microenvireadily reactivated upon the occurence of a wound, cyclic ronment, a dramatic phenotype switch occurs and cells are reproductive processes, or a persistent angiogenic stimulus induced to delaminate from the endothelial monolayer, prolike those found in neovascular disorders (reviewed in Auliferate, and migrate in a directed fashion. This is the activagustin- Voss et al., 1994) . tion phase. In the morphogenetic phase, cell-cell and cellThese events in endothelial morphogenesis are, obvimatrix interactions play a prominent role. During this peously, a complicated continuim. The schematic given above is not intended as a detailed description of the angiogenic program, but is simply meant to serve as a framework for cells were cultured under routine conditions in minimal essential nomenon in culture enables us to study certain aspects of medium plus 15% fetal bovine serum and 100 U/ml penicillin angiogenesis under relatively controlled conditions, in / 100 mg/ml streptomycin Castellot, 1991; Folkman and Klagsbrun, 1987) .
described by Maxwell (1994) .
A good deal is also known about the morphogenetic phase, though perhaps less than the activation phase. The deposition and effects of extracellular matrix proteins and the expression of their specific receptor molecules by EC have
Immunological
been the subjects of fairly thorough investigation (reviewed The 13202 polyclonal antiserum to EN polypeptide was produced by Carey, 1991). Far less, unfortunately, is known about the and characterized as described previously using established methconcluding phase of angiogenesis, although it is quite as ods (Alliegro et al., 1988 (Alliegro et al., , 1990 (Woodward et al., 1985) and used to immunize a female New turned on, or off, to hold ECs in ''quiescent check''? In this Zealand white rabbit. Western blot techniques were performed as context, our knowledge of nuclear structure and reorganizadescribed by Towbin et al. (1979) , with only minor modification. The detection system used was a peroxidase-conjugated goat antition is particularly lacking. 
MATERIALS AND METHODS
(U.S. Biochemicals, Cleveland, OH) was used in cDNA sequencing. Sequences were assembled and analyzed using IBI (New Haven,
Protein Isolation
CT) MacVector software. RACE extensions were performed using reagents from Clontech, Inc. (Palo Alto, CA). Reagents for mRNA Pigpen was isolated using methods described previously for the isolation were purchased from Invitrogen (Portland, OR) and Qiapurification of Lytechinus variegatus EN (Alliegro et al., 1990) . All gen (Chatsworth, CA). The 675-bp fluoresceinated cDNA probe used for Northern analysis was generated by PCR using sequence-2 Sepharose is a trade name for agarose, a galactose polymer, and is specific primers described under Results. Reagents for probe synthesis and detection were purchased from New England Nuclear used routinely as an affinity matrix for galactose-specific lectins (see, for example, Vasta and Marchalonis, 1986) .
(Boston, MA) and Perkin-Elmer Cetus (Norwalk, CT). Standard cell types (human fibroblasts expressed the antigen at very low levels). The apparent size of the protein was consistently 3-4 kDa larger in RPE. We do not know at this point if the differential is due to additional amino acid residues in the RPE polypeptide or to a difference in net charge.
As will be noted below, pigpen contains an abundance of positive amino acids, which could readily affect its mobility in SDS gels. From this initial screening, our expectation is that pigpen will primarily be found in epithelial cell types. This is true of EN, which is concentrated in the blastula epithelium of sea urchin embryos (Alliegro et al., 1988 (Alliegro et al., , 1990 . We next attempted to isolate the 67-kDa protein in a manner similar within cells or imperfect isolation methods. As will become apparent from subsequent data, enrichment by cell fractionation prior to affinity chromatography should provide us Northern blotting techniques were used in pigpen mRNA expreswith a more effective approach if quantities of protein are sion studies (Sambrook et al., 1989). required in future studies.
Confocal immunofluorescent images of pigpen in EC ( Fig.  2) showed diffuse staining throughout the nucleus (but ex-
RESULTS
cluded from nucleoli), punctate staining along the inner aspect of the nuclear envelope, and several brightly stained
Initial Identification of Pigpen
focal points, or granules. These focal points were present in the nuclei of approximately 85% of all cells examined. Using polyclonal anti-EN antibodies, we had previously observed a 70-kDa Sepharose-binding protein in homogeThey varied in number and sometimes appeared to be arranged in a radial pattern. Occasionally, the larger of these nates of 10-day chick embryo brain on Western blots (Alliegro and Alliegro, unpublished observations). Our prelimigranules seemed to have a hollow core, appearing as a cylinder in cross section. nary findings suggested that this molecule was expressed in the epithelial lining of brain ventricles, but low-level
We fractionated EC to determine on Western and slot blots if pigpen was associated with a specific nuclear compartment. specific staining did not allow detection of antigen against background staining in surrounding tissues. Since protein
The results are shown in Fig. 3 . Greater than 80% of recovered pigpen was found in the fraction released by DNase treatment. levels were low and the cell population was small, we decided to pursue the observation in a system more amenable Quantities found in the membrane/cytoplasmic, high-salt, and nuclear matrix fractions were considerably less and varied to manipulation and biochemical analysis, choosing human EC and RPE to begin with. When RPE or EC lysates were somewhat from assay to assay. The results show that pigpen is associated with chromatin, but do not distinguish between probed on Western blots with polyclonal anti-EN (No. 13202), a single band developed at approximately 67 kDa a direct and an indirect association. (Fig. 1) . Recognition of this polypeptide is remarkably intense and specific: the band becomes visible within seconds Sequence Analysis of substrate addition, and dilutions of primary antibody as great as 1/10,000 can be used. Results with preimmune seThe 13202 antibody was used to screen a bovine EC cDNA library, and a 1675-bp clone designated pp9 was identified. rum from the same rabbit were negative. We typically use the serum at a dilution of 1/1000. The same polypeptide
The sequence was extended in the 3 and 5 directions by RACE (rapid amplification of cDNA ends). The cDNA and band can be detected on Western blots with a different polyclonal antibody to EN (described and used in Alliegro et al., deduced amino acid sequence are shown in Fig. 4 . Pigpen is a highly hydrophilic and positively charged protein, with an 1988), though not with the same intensity.
In Western blots using a variety of cell types and probed estimated pI of 9.65. A ''greek key'' hairpin loop motif (Graeme and Piatagorsky, 1988) and an RNP-CS RNA-binding with the 13202 antibody, a single band was detected in all RPE and EC examined (Fig. 1) , but not in the nonepithelial domain (Adam et al., 1986; Sachs et al., 1987) were identified in the middle one-third of the sequence. The latter is found from liposarcoma, TLS (Transformed in Liposarcoma; Crozat et al., 1993; Rabbits et al., 1993) . TLS is a 68-kDa RNAin several known RNA-binding proteins, including the bicoid gene product from Drosophila melanogaster (Rebagliati, 1989) binding nuclear protein, and a new member of the EWS family of proteins. In human myxoid liposarcomas, the and the EWS (Ewing's sarcoma) family of proteins isolated from human tumors (Delattre et al., 1992) . The N-terminus characteristic t(12;16)(q13;p11) chromosomal translocation results in FUS gene fusion to CHOP (CEBP HOmologous includes seven copies of a degenerate glutamine-rich hexapeptide repeat sequence found in the transactivation domains of Protein) DNA. CHOP has been proposed to act as a cell cycle checkpoint protein at the G 1 /S boundary (Barone et certain transcription factors (Mitchell and Tijan, 1989; May et al., 1994) . The C-terminus contains a consensus tyrosine al., 1994)). The FUS/CHOP fusion is thought to negate this function of CHOP. TLS activity as a fusion protein in carphosphorylation site, but we have not yet determined if the protein is a physiological kinase substrate. Nineteen RGG cinogenic transformation is the subject of rapidly progressing investigation (Barone et al., 1994; Ichikawa et al., 1994 ; repeats, also associated with RNA-binding proteins (Kiledjian and Dreyfuss, 1992) , are present in the C-terminal two-thirds Prasad et al., 1994; Zinszner et al., 1994; Panagopoulus et al., 1994; Sanchez-Garcia and Rabbits, 1995; Knight et al. , of the polypeptide. The sequence also contains several Nglycosylation sites, but migration of the protein in SDS gels 1995). Owing to its recent discovery, little is known of its function in normal cells. (as determined by Western blotting and subsequent probing with the 13202 antibody) was unaffected by exhaustive N-
Pigpen Expression Is Regulated during Endothelial glycosidase treatment (data not shown).

Cell Transdifferentiation
Comparison of the predicted amino acid sequence with protein sequence data banks revealed approximately 80% Given its identity with TLS and the latter's hypothesized role in deregulating the cell cycle in carcinogenesis, we identity with the recently discovered FUS gene product in compacted, quiescent ECs was the punctate staining observed on the nuclear envelope of actively dividing cells. Down-regulation of pigpen expression could occur at any of several levels ranging from transcriptional control to selective proteolytic degradation of the polypeptide. To examine this question further, a 675-bp cDNA probe generated by PCR from the 5 end of pp9 was prepared for Northern analysis. On blots of EC mRNA, the probe hybridized with a single, 1.9-kb transcript. This result was in good agreement with the estimated size of pigpen from both sequence analysis and SDS-polyacrylamide gels. As anticipated from our earlier observations, the 1.9-kb transcript was expressed at much lower levels in human fibroblasts (Fig. 6) . We next found, in experiments patterned after the Western analysis above, that pigpen mRNA expression followed a course identical to pigpen protein levels. In the transition from actively dividing to quiescent cells, mRNA levels plummetted by more than 95%.
Based on the premise that pigpen expression is regulated during the transition from activated to constitutive EC phe-
FIG. 3.
Pigpen distribution in fractionated endothelial cell prepanotype, we reasoned that localized reactivation of EC by rations. Cells were harvested nonenzymatically and separated into wounding the compacted monolayer should also reactivate four fractions as described by Maxwell (1994) . Thirty-five micropigpen expression. In this experiment, cultures were grown grams of each fraction was loaded on SDS-polyacrylamide gels for on sterile coverslips for several days beyond confluency, Western blots (shown here), or 10 mg each for slot blots. Results wounded with a sterile pipet tip, and prepared at several using these two methods were very similar. After probing the nitrotimepoints thereafter for immunofluorescence. As can be cellulose sheets, results were quantitated by densitometry. The absorbance level for each fraction is presented as a percentage of seen in Fig. 7 , we found that quantitative and qualitative total units recovered. Cyt/mem, cytoplasmic/membrane fraction; differences in pigpen expression occurred. These changes focal points in the wounded zone was also increased from approximately 4 per nucleus (off-wound) to 12. The incidence of nuclear focal points appeared to increase by an additional factor as a result of treatment with VEGF, but sought to determine if pigpen could have a functional role in EC growth and differentiation. Specifically, we asked if not with bFGF. Unique to these wound experiment cells was the appearance of cytoplasmic granules. In growth facpigpen was regulated during the transition between active and quiescent EC phenotypes. ECs were seeded into a sixtor-treated preparations, an occasional binucleate cell was observed with a striking, perinuclear array of large granules. well plate at a density of 8 1 10 4 cells/well and harvested at timepoints chosen to represent various phases of confluTheir distinct organization in the cytoplasm suggested an association with cytoskeletal elements. Wounding in the ency from sparse, actively dividing cultures to compacted, contact-inhibited ones. On Western blots, expression of the presence of bFGF, but not VEGF, increased the number of these cytoplasmic granules over and above that observed by protein was observed to be highest in subconfluent cultures (Fig. 5A) . Promptly on the day when cells were scored visuwounding alone. A survey of animal tissues by immunoblot revealed a ally as 100% confluent, pigpen levels dropped precipitously and stayed low for at least 4 days thereafter (the duration restricted distribution and was consistent with the notion that pigpen is expressed under growth conditions. In addiof the experiment). Chronologically, cells cultured in the presence of VEGF down-regulated pigpen levels earlier than tion to embryonic chick brain, pigpen was found in rat pup spleen and liver. The protein was not detectable in any either bFGF-or untreated cells, but this may have occurred because they reached confluency more rapidly.
normal adult tissue we examined, including spleen and liver, muscle, eye, kidney, gut, and brain. Tissue samples Immunofluorescent images obtained from parallel cultures corroborated this observation and provided additional were excised from rat, mouse, rabbit, cow, and cat. A series of low M r bands was detected in human skin carcinoma. detail. Diffuse nuclear staining declined to levels just above background. Nuclear granules increased in number by more
The development of new antibody probes useful for immunohistochemistry will help us to obtain a more detailed than twofold until confluency (Fig. 5B) and then declined gradually to baseline levels on Day 9 (although remaining picture of precisely which cells in these tissues are expressing pigpen, and to what relative degree. somewhat elevated in bFGF-treated cells). Completely gone FIG. 4 . Nucleotide and deduced amino acid sequence of pigpen. Nucleotide numbering is on the left, and amino acid position is given on the right. Underscored nucleotide sequences in the 3 UTR include the stop codon, TAG, and the noncanonical polyadenylation signal, ATTAAA. Underscored amino acid sequences include: the seven glutamine-rich consensus [(SG)Y(SG)Q(QS)S(SQP)] repeats in the putative transactivation domain (residues 24 through 159); RNP-2 and RNP-1 motifs within the RNP-CS RNA-binding domain (residues 320-327 and 272-278, respectively); greek key loop motif (residues 337-348); consensus tyrosine phosphorylation site (residues 462-468). These sequence data are available from GenBank under Accession No. U26024.
in an organism can vary between, and even within, individ-DISCUSSION ual organs, the overriding common characteristic is their quiescent nature. Several molecules that can activate ECs Angiogenesis has been described as a developmental proand others that are regulated later during capillary morphocess that is down-regulated in the healthy adult (AugustinVoss et al., 1994) . Although the constitutive EC phenotype genesis have been identified. Virtually all of these are re-reactivation of pigpen expression in those cells at the wound site. Cells distant from the wound, which maintain the quiescent phenotype, do not reactivate pigpen expression. Confocal immunofluorescence microscopy of pigpen in ECs was used to reveal its distribution in the nucleus. In actively proliferating cells, the protein is distributed throughout the nucleoplasm (excluding nucleoli) and is concentrated along the nuclear envelope and in brightly stained nuclear granules. Nuclear envelope staining is attenuated as cells approach confluency, whereas granules appear to increase in number. This may represent a redistribution of pigpen between two compartments during a change in physiological status or these two inversely related observations may have no direct link. Our data do not distinguish between the two possibilities.
The structure and distribution of pigpen-containing nuclear granules is reminiscent of previously described speckled or granular domains within the nucleus (reviewed by Spector, 1993; Gall, 1991) . These granules may represent sites of mRNA transcription and/or processing. However, the behavior of pigpen-containing granules did not quite parallel the patterns expected for these other, well-characterized molecules (Spector, 1993) . For example, the cytoplasmic array of pigpen-containing granules induced by wounding seems to depart from observations on snurposome reorganization. It is possible that pigpen-containing granules are distinct from previously defined speckles or coiled bodies, but at this point it is equally likely that pigpen is distributed between two or more known nuclear granules (complicating the pattern of reorganization) or that the specific conditions we employed in our studies revealed modified patterns of reorganization. In the future, colocal- lated to cell surface events (reviewed in Augustin-Voss et al., 1994; Castellot, 1991; Folkman and Klagsbrun, 1987) . Clearly, many important details of how these molecules launch the angiogenic cascade, and how the endothelium Binucleate cell in the wound area of a VEGF-treated culture (10 ng/ml), exhibiting a pronounced radial array of pigpen-containing granules in the cytoplasm. Cytoplasmic granules were observed in many growth factor-treated cells, but this striking degree of organization was seen primarily in the occasional binucleate cell. Scale bar, 10 mm. nuclear compartments should help to characterize pigpenmunological cross-reactivity with sea urchin EN, some discussion of the possible relationship between these two molcontaining nuclear granules more fully.
Sequence analysis of pigpen suggests that it is a member ecules is warranted. Our study has revealed several features that pigpen appears to share with EN. Both proteins can be of a growing family of RNP-CS RNA-binding proteins. The deduced primary structure shows ú80% identity with TLS.
isolated by an affinity for Sepharose 4B. EN is known to be a galactose-specific lectin (Veno et al., 1990 , Alliegro et al., The level of identity in the C-terminus, containing the consensus RNA-binding elements, approaches 100%. It has re-1990); the question of pigpen carbohydrate specificity has not yet been addressed. In addition, both proteins seem to cently been shown that TLS, like pigpen, localizes with a speckled pattern in the 3T3 cell nucleus (Barone et al., be expressed preferentially in epithelial cells. EN is concentrated in the blastula epithelium, whereas pigpen has been 1994). TLS was subsequently found to be associated with RNA polymerase II products in immunoprecipitation experidentified in RPE and ECs. Last, the expression of both proteins may be restricted to proliferating cell populations. EN iments. If the similarities between TLS and pigpen can be extended in this context, then the isolation of pigpen in expression is down-regulated in primary mesenchyme cells, which cease dividing shortly after ingression into the blastothe DNase soluble fraction of EC nuclei may represent an indirect association with chromatin via nascent mRNA coele; pigpen expression is minimal in nonproliferating cell cultures. Pigpen and EN, however, are not the same protein. chains. Given the transactivation-like domain in the pigpen amino terminus, a direct association with DNA must also EN is a glycosylated, dimeric protein composed of two 116-kDa subunits, whereas pigpen is apparently nonglycosylremain a consideration.
Because pigpen was originally identified by its strong imated, non-disulfide bonded, and has a M r of approximately isolation and sequencing and identification of a ribonucleopro-67 kDa. Moreover, EN is distributed in the cortical cytotein consensus sequence. Mol. Cell Biol. 6, 2932 -2943 plasm and on the surface of the blastula epithelium, and Alliegro, M. C., Burdsal, C. A., and McClay, D. R. (1990) . concrete terms. The latter, in its oncogenic forms (fused to
